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Coiled-coil assembly by peptides with non-heptad sequence

motifs

Matthew R Hicks?®, David V Holberton2, Christopher Kowalczyk?

and Derek N Woolfson?

Background: The seven-residue heptad repeat is the accepted hallmark of
coiled coils. In extended filamentous proteins, however, contiguous patterns of
heptads are often disrupted by ‘skips’ and ‘stammers’. The structural
consequences and roles of these digressions are not understood.

Results: In a cytoskeleton protein from Giardia lamblia, heptads flank eleven-
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residue units (hendecads) to give a 7-11-7 motif that dominates the sequence.

Synthetic peptides made to the consensus sequence of this motif fold in solution
to fully helical, parallel dimers. Both the sequence pattern and these experimental
data are consistent with the coiled-coil model. We note that breaks in other
extended coiled coils can also be reconciled by hendecad insertions.

Conclusions: The heptad paradigm for the coiled coil must be expanded to
include hendecads. As different combinations of heptads and hendecads will
give different overall sequence motifs, we propose that these provide a
mechanism to promote cognate protein pairings during the folding of extended

coiled coils in the cell.

Introduction

The coiled coil is a ubiquitous protein-folding motif that
guides oligomerization in a wide variety of systems,
including transcription factors, muscle proteins, interme-
diate filaments and extracellular fibres [1-4]. The
sequences of all these proteins contain patterns of seven
residues (heptads) in which hydrophobic sidechains are
alternately spaced three and four residues apart [5]. The
seven positions of the heptad repeat are often assigned
abedefg, with a and d as the hydrophobic sites. When
these patterns are configured into an a-helix, positions a
and d are brought close together and the structure is
amphipathic (Fig. 1a). In a contiguous array of heptads the
a and d sites define a hydrophobic stripe, which directs
oligomerization with similarly amphipathic helices.
However, because the seven-residue repeat falls short of
two full turns of an a-helix, the hydrophobic stripe does
not continue straight up each helix, but drifts around it
(Fig. 1b). Thus, in order to maintain good hydrophobic
contacts, helices in coiled coils wrap around one another
and produce rope-like structures [1,6-9] (Fig. 1c¢).

These basic tenets of coiled-coil structure have been in
place for several decades [1,6], but recent high-resolution
structural studies have been significant in confirming the
early models, and in developing further the structural
principles for coiled-coil folding. In particular, important
advances have been made in understanding oligomer and
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partner selection in coiled coils. Many of these insights
have come from studies of the leucine-zipper motif from
the transcriptional activator GCN4, which is a short
peptide with 4.5 contiguous heptads that folds to a stable
dimeric coiled coil [3,8]. In an elegant study, Harbury
and co-workers [10] demonstrated that the coiled-coil
oligomer state can be selected by changes at the a and d
sites of the heptad repeat alone: a dimer is formed if all a
sites are isoleucine and all d are leucine, swapping these
residues gives a tetramer, and a trimer results when
isoleucine is substituted at all a and d positions.
Sequence analyses of natural coiled coils confirm these
rules and suggest additional ones that specify oligomer
states in coiled coils with more heterogeneous sequences
[11-13]. At present, the rules for partner selection — i.e.
those that distinguish homotypic and heterotypic interac-
tions — in short coiled coils are less clear. However, it is
certain that such rules are also superimposed on the basic
heptad pattern: again, residues at the a and d positions
play a role in partner selection, but complementary
sidechains placed at € and g also have an influence as
these are also brought together upon oligomerization

[14-18] (Fig. 1a).

Although the leucine zipper provides the best character-
ized model for the coiled coil it is a special case. The vast
majority of proteins of the coiled coil family differ in
three significant respects from the leucine zippers. First,
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Figure 1

Helical structure in the leucine zipper from GCN4. (a) The popularized
helical wheel for a dimeric coiled coil based on the heptad repeat
abcdefg. By assuming 3.5 residues per turn the heptad repeat is
emphasized, but this simplified picture can suggest that the
hydrophobic seam set up by the a and d sites continues straight up
the helix in alignment with the helical axis. (b) MOLSCRIPT [48] ribbon
diagram for one chain from the leucine zipper [8]. This view reveals
how residues at successive a sites, space-filled and shaded
progressively less heavily, wind around the face of the structure in the
opposite sense to the helical twist. (c) Both strands of the leucine
zipper dimer showing the crossed, rope-like helix—helix packing
necessary to maintain tight hydrophobic contacts.

most coiled coil regions extend over hundreds of residues
[1,5]. Second, although heptad repeats do dominate
extended coiled-coil sequences, contiguous arrays of
heptads are often broken by small non-heptad-based
units [2,19]. Third, for many of these extended filamen-
tous proteins, coiled-coil formation is only the first level
of oligomer organization and higher-order assemblies are
critical to the functions of these proteins [4,20]. Given
these differences, it is not clear how far the rules devel-
oped from the leucine zippers extend to the folding of

more extended coiled coils. This paper describes the
structural consequences and discusses the possible impli-
cations of breaks in the heptad arrays of this loosely
defined, but significant, class of protein structure.

The sequences of three cytoskeleton-associated proteins
from Giardia lamblia have putative extended coiled coils.
In each case, arrays of heptads are interrupted at regular
intervals by non-heptad segments to produce larger
motifs that dominate the protein sequences [21-23]
(Fig. 2). The length of the dominant motif varies
between the proteins; for the median body protein the
repeat length is 24 residues, for HPSR2 it is 25 residues,
and for B-giardin it is 29 residues. The study presented
here focuses on HPSR2 [23]. This protein has the fea-
tures of a stalked motor protein; the N-terminal 212
residues house a potential nucleotide-binding site, and
the remaining 1400 residues code the putative coiled coil.
It is this second region that is dominated by the 25-
residue motifs; more than 40 such units are observed [23].
"This 25-residue motif was initially assigned in a conven-
tional way as three heptads followed by a four-residue
skip [23] or stutter [24]. However, closer inspection
revealed that the motif is best considered as two heptads
flanking an 11-residue repeat. We refer to this pattern as
the heptad-hendecad-heptad, or 7-11-7, motif. (We prefer
to use hendecad rather than undecatad, which has
appeared elsewhere, because the former is more con-
sistent with heptad, which comes from modern Greek.)
The aim of the work presented here is to determine
whether this unusual sequence pattern is compatible with
the coiled coil.

Using sequence analysis, circular dichroism, sedimenta-
tion-equilibrium and cross-linking studies, we have estab-
lished that peptides made to the consensus sequence of
the 7-11-7 motif do form helical, parallel dimers consis-
tent with the coiled-coil model. In addition, we have
found that breaks previously assigned in other extended
coiled coils can also be reconciled by 11-residue motifs.
More generally, many extended coiled coils read contigu-
ously if hendecad or decad units are used in combination
with classic heptad repeats. The common theme here is
that the three repeats represent the most basic combina-
tions of three-residue and four-residue spacings of
hydrophobic sidechains; heptads show a 3,4 pattern,
decads display a 3,4,3 combination and hendecads are
3,4,4 hydrophobic repeats. Thus, the maintenance of 3,4-
based hydrophobic patterns is a major prerequisite for
coiled-coil formation. Furthermore, we propose that
correct and in-register coiled-coil interactions should be
directed by the alignment of similar 3,4 patterns in the
sequences of partnering proteins. This work has implica-
tions for the prediction of protein structure and
protein—protein interactions from sequence data, and in
protein-design exercises.
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A cartoon highlighting regular sequence
motifs in several coiled-coil proteins. The
proteins represented are (a) GCN4; (b—d) the
cytoskeleton-associated proteins from Giardia
lamblia — (b) B-giardin, (c) the median body
protein and (d) HPSR2; and (e) myosin heavy
chain [2]. The different coiled-coil motifs that
dominate these sequences are distinguished
as follows: non-coiled-coil regions, horizontal
lines; contiguous heptad repeats, clear
blocks; 24-residue repeats, solid blocks;
25-residue repeats, cross-hatched blocks;
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The 7-11-7 motif is a-helical

An alignment of the 25-residue repeats from HPSR2 was
used to construct a consensus sequence for the 7-11-7
motif (Table 1). When mapped onto a helical wheel, this
sequence gives an amphipathic structure typical of helices
found in coiled coils (Fig. 3). To test for a-helical structure
in the 7-11-7 motif, we synthesized a series of peptides
based on the consensus (Table 1) and characterized their
structures in solution using circular dichroism (CD). The
shortest peptide, p7-11-7, corresponded to a single 7-11-7
motif. In two longer peptides, p7-7-11-7 and p11-7-7-11-7,
additional heptad and hendecad units were appended to
the N terminus of p7-11-7, consistent with the organiza-
tion of the 7-11-7 repeats in HPSR2 [23] (Fig. 2).

In CD studies, the shortest peptide, p7-11-7, gave a spec-

trum consistent with partial folding into an a-helix in
aqueous solution (Fig. 4a); the spectrum showed a positive

Table 1

208 and 222 nm. The negative molecular ellipticity at
222 nm ([6],,,) can be used to quantify the degree of a-
helical structure present [25]. However, due to sidechain
contributions to the signal, [6],,, values corresponding to
100% helix can vary between systems [25-27]. Neverthe-
less, estimates of helicity can be made if the peptide is
induced to fold completely and a benchmark set [25,28].
T'o promote helix and establish these markers for the 7-
11-7-based peptides, CD spectra were recorded in
aqueous 2,2,2-trifluoroethanol (TFE) solutions. TFE
induces hydrogen-bonded structure, but it also disrupts
hydrophobic interactions. It is anticipated, therefore, that
the TFE-induced helical states described here are
monomeric. The TFE titration for p7-11-7, which is
typical of that shown by the peptides, displays a clear sig-
moidal folding transition (Fig. 4b,c). This particular transi-
tion has a midpoint at =10% TFE and a plateau at =30%
TFE (Fig. 4c), after which point further increases in TFE

7-11-7 consensus sequence for the 7-11-7 motif and sequences of the 7-11-7-based synthetic peptides.

Peptide Sequence

Repeat abcdefghijk abcdefg abcdefg abcdefghijk abcdefg ab
Consensus LDSLKAE LSAALQEKDAE IARLQKE

p7-11-7 Ac-LDSLKAE LSAALQEKDAE IARLQKE GY-NH,
p7-7-11-7 Ac-IARLQKE LDSLKAE LSAALQEKDAE IARLQKE GY-NH,
p11-7-7-11-7 Ac-LSAALQEKDAE IARLQKE LDSLKAE LSAALQEKDAE IARLQKE GY-NH,

pC7-11-7

Ac-CGG LDSLKAE LSAALQEKDAE IARLQKE GY-NH,
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mate of =40% helix in the water-only environment. Thus,
for p7-11-7 at a concentration of 15 uM, =11 of the 25
residues adopted a-helical structure in water at 0°C.

Percent helicities for the remaining peptides were deter-
mined by comparing [8],,, values measured from spectra
recorded in aqueous buffer and 50% TFE. In the series,
p7-11-7, p7-7-11-7 and p11-7-7-11-7, helicity in water
increased with increasing peptide length (Fig. 4a). For
example, at peptide concentrations of 15 uM, the percent
helicities were 40, 74 and 80%, respectively. For the
longest peptide, p11-7-7-11-7, this high helicity of =80%
corresponded to =36 of the 43 residues of the regular
motif folding to helix. Thus, additional heptad and hen-
decad repeats induce additional folding in the 7-11-7-
based peptides. Increasing peptide concentrations also
increased helicity in the peptides. This effect was more
dramatic for the longer peptides, indicating further that
association constants became more favourable, and helical
structures became more stable, with increasing peptide

CD spectra for the 7-11-7-based peptides. (a) Spectra recorded in
25 mM potassium phosphate, pH 7 at 0°C and at 15 uM peptide:
p7-11-7 (+), p7-7-11-7 (), p11-7-7-11-7 (x), and (pC7-11-7), (O).
Estimates of the helicity in each of these peptides using the water—TFE
comparison were =40, 74, 80 and 87%, respectively. (b) Spectra of
p7-11-7 recorded at various concentrations of TFE: 0% (O) and 60%
(x) TFE (v/v); all intervening spectra, recorded at 5, 10, 15, 20, 25, 30,
40, and 50% TFE, are shown as solid lines. The titration shows a well
defined isodichroic point at 202 nm indicative of a two-state transition.
(c) The CD signal for p7-11-7 followed at 222 nm, [6],,,, as a function
of TFE concentration. The plateau value for [6],,, in this titration was
~—34 000 deg cm?2 dmol-res—1, which corresponds well with complete
helix formation in other small coiled coils [3]. Note that to maintain
clarity, only a fraction of the real data points are shown in parts (a) and
(b); the remaining points are linked by straight interpolation.

length. For example, p7-11-7 showed a slight increase in
helicity from =40 to 44% in water at 0°C when peptide
concentration was increased from 15 to 100 M. In com-
parison, for pl1-7-7-11-7 over the same concentration
range, the helicity increased from =80 to 99% in water.
Thus, the longest peptide, p11-7-7-11-7, which has fewer




than 50 residues and corresponds to less than two com-
plete 7-11-7 motifs, was fully folded in water at moderate
peptide concentrations.

The 7-11-7 motif forms cooperatively folded units

T'o quantify the stabilities of the helical states of the 7-11-
7-based peptides in water, CD spectra were recorded as a
function of temperature. The midpoints (Ty; values) of
the resulting transitions were used to compare the stabili-
ties of the different peptides. For p11-7-7-11-7 at 100 uM,
spectra recorded between 0 and 90°C changed from those
characteristic of an a-helix to those more representative of
a random coil (Fig. 5a). These spectra had an isodichroic
point at 203 nm consistent with a simple two-state transi-
tion between the helical and unfolded forms. Moreover,
when followed by the [6],,, signal, the unfolding curve
was sigmoidal, indicative of a cooperative transition
(Fig. 5b). The T,;, which was taken as the point of

Figure 5
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Thermal unfolding and stability of the 7-11-7-based peptides.

(a) Spectra following the thermal unfolding of peptide p11-7-7-11-7
at 100 pM peptide concentration in pH 7, 25 mM phosphate buffer:
0°C (x) and 90°C (O); all intervening spectra, recorded at 10, 20, 30,
40, 50, 55, 60, 65, 70, 75 and 80°C, are shown as solid lines. Note
the distinct isodichroic point at 203 nm. For clarity, only a fraction of
the real data points are shown. (b) [6],,, as a function of temperature
for the thermal unfolding of p11-7-7-11-7 (O) and the first derivative
(x) of this plot used to calculate Ty, values. Similar behaviour was
displayed by the shorter peptides, p7-11-7 and p7-7-11-7, although
Tys were reduced to =0 and 29°C, respectively.
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maximum slope of the unfolding curve, was 62 + 1°C for
p11-7-7-11-7 at 100 wM. Similar unfolding transitions for
the shorter peptides were apparent although the peptides
were much less stable: Ty values were =0 and 29°C for
p7-11-7 and p11-7-11-7, respectively. The value for p7-11-
7 was estimated on the basis that its helicity approxi-
mately doubled in 50% TFE (see above). In addition, this
peptide did show the latter half of a cooperative thermal-
unfolding transition in water.

The stability of p11-7-7-11-7 is comparable to that of the
archetypal coiled-coil peptide GCN4p1 [3]. Moreover, the
unfolding transitions of the 7-11-7-based peptides were
sharp and sigmoidal. Such transitions are characteristic of
well defined cooperatively folded units and are distinct
from the relatively broad and flat transitions associated
with free-standing a-helices [29] and ill defined molten-
globule species [30,31].

The 7-11-7 motif forms dimers

As stated above, the percent helicities for the 7-11-7-
based peptides increased with increases in peptide con-
centrations. This is significant as it indicates that the
helical folded states of the peptides are oligomers consis-
tent with the coiled-coil model. A method, SCORER, is
available that distinguishes parallel dimeric and trimeric
coiled coils from sequence data alone [13]. Using this
metric, and on the basis of its regular heptads, the HPSR2
protein predicted strongly as a dimer; SCORER values
were positive and in the range 1.44-3.03 depending on
the stringency of the heptad-selection protocol. To test
this prediction, we probed the oligomerization state of the
7-11-7 motif using sedimentation-equilibrium analysis in
the analytical ultracentrifuge.

Sedimentation-equilibrium experiments were conducted
at 20°C and at starting peptide concentrations of between
100 and 500 wM. After sedimentation, single-species fits to
the data reported molecular weights significantly above
that expected for a monomer (expected My =5 kDa,
observed mean = 7.2+ 0.7 kDa). Fitting the same data to
monomer/dimer or monomer/trimer models suggested that
the preferred oligomer state of the p11-7-7-11-7 was dimer.
Monomer/dimer fits were more stable and consistently
returned dissociation constants in the wM range consistent
with the CD data; for example, at a peptide concentration
of 3uM and 20°C, pl11-7-7-11-7 was =80% folded as
judged by a thermal unfolding curve measured by CD.

To probe the preferred oligomer state of the 7-11-7 motif
further, we compared the concentration dependencies of
the folding of cross-linked and non-cross-linked 7-11-7-
based peptides. Typically, in coiled-coil systems, peptide
dissociation and helix unfolding are linked to give overall
unfolding transitions of the type F_ nU. Thus, from
Le Chatelier’s principle, increases in peptide concentration
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Oligomerization of the 7-11-7-based peptides. (a) Concentration
dependence of the Tys for p11-7-7-11-7 (x) and the covalent dimer
(pC7-11-7), (O). (b) The concentration dependence of the difference
in [6],,, between two sets of samples. The first contained a fixed
concentration of (pC7-11-7),, whereas the second had none of this
peptide. In both sets, the concentration of p7-11-7 was increased
according to the values shown on the x-axis. The results are plotted as
a ratio of the difference in [6],,, values between the first and second
samples, all divided by the starting [6],,, value for the first sample. In
effect, the difference value gives helicity from (pC7-11-7), plus any
changes that come from dimer—p7-11-7 interactions. Normalizing this
difference with the starting ellipticity for (0C7-11-7),, therefore, reports
on any changes alone. Thus, in this scheme, if the (pC7-11-7), acted
as a template for the folding of a trimer of the 7-11-7 motif, a limiting
ratio of =1.5 would be expected. The near constant value of 1 therefore
implies no significant interaction between (pC7-11-7), and p7-11-7.

will shift the equilibrium to the left and stabilize the
helical folded state; in other words, increasing peptide con-
centration is expected to increase Ty;. The concentration
dependence of Ty, for p11-7-7-11-7 is shown in Figure 6a.
The plot shows a marked increase in protein stability with
increased peptide concentration. It is not possible to model

this curve with any confidence and discriminate between
the alternative unfolding processes: I, == 2U, F; ==
3U and so on. However, we tested for the possibility of par-
allel dimer formation (the simplest oligomer arrangement)
using the method of O’Shea er 4/. [3]: a fourth peptide,
pC7-11-7, was synthesized (Table 1) that allowed two p7-
11-7 monomers to be linked through N-terminal cysteines
to give a covalent dimer (pC7-11-7),. Using the
water—T'FE comparison, this peptide folded with =87%
helix in water (Fig. 4a). 'The shortfall from full helix was
consistent with the N- and C-terminal linkers failing to
adopt regular structure in water. Furthermore, the Ty, for
this peptide showed no concentration dependence and
remained steady at =39°C in the pM to mM range
(Fig. 6a). Thus, (pC7-11-7), behaved as a fully helical,
cooperatively folded monomer in solution. The simplest
model compatible with these data is that the two 7-11-7
motifs fold to a-helices which are stabilized by parallel
helix—helix interactions. In turn, this suggests that the pre-
ferred oligomer state of the 7-11-7 motif is a parallel dimer.

To be sure of this, we conducted a further experiment:
increasing concentrations of p7-11-7 were added to a fixed
concentration of (pC7-11-7),. CD spectra were recorded at
5°C, where p7-11-7 was only partly folded and (pC7-11-7),
fully structured. The differences in the [6],,, values
between these spectra and controls, which contained corre-
sponding amounts of the p7-11-7 monomer but no (pC7-
11-7),, are plotted in Figure 6b. [0],,, remained unchanged
over the whole range of p7-11-7 concentrations and corre-
sponded to the value expected for the (pC7-11-7), dimer
alone. Thus, the dimer did not act as a template to promote
further folding of p7-11-7 as might have been expected if
the preferred oligomer state of the 7-11-7 motif were
trimer or some state other than parallel dimer.

Discussion

In summary, synthetic peptides corresponding to the 7-11-7
motif form fully a-helical, stable, cooperatively folded,
parallel dimers in solution. These results indicate that the
stalk of intact HPSR2 forms a two-chain coiled coil in
which repeated hendecads are fully accommodated within
an otherwise heptad-based sequence.

11-residue repeats have been recognized in other proteins
Hendecad repeats appear in a number of recently reported
proteins from a variety of sources, notably bacteria, other
parasites, viruses, plants and fish [32-36]. In three cases,
hendecads occur contiguously and coiled-coil structures
are proposed [32,33,35]. Moreover, in the crystal structure
of a fragment from influenza haemagglutinin, hendecads
are accommodated in a coiled coil which is a predomi-
nantly heptad-based trimer [34]. Residues of the hen-
decad that contribute to the hydrophobic, helical interface
are spaced three, four and four residues apart, or at posi-
tions a, d and h of an @bcdefghijk repeat. This pattern is an
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extension of the 3,4-hydrophobic pattern of the classic
heptad, abcdefg. Combinations of three- and four-residue
intervals are, in fact, a prerequisite for coiled-coil-type
helix packing and distinguish it from ridges-into-grooves
packing observed in globular proteins [1,6,37] (Fig. 7a,b).
A 3,44 pattern is apparent also in the hendecads of
HPSR2 [23], giving an overall hydrophobic pattern in the
7-11-7 repeat of 3,4,3,4,4,3,4 (Table 1).

"T'wo other proteins known from Giardia have repeats with
non-integral numbers of heptads. In both of these cases,
hydrophobic residues are spaced at combinations of three
and four residues and, in this respect, conform with the
coiled-coil model. For example, B-giardin exhibits a 29-
residue repeat that has been assigned as four heptads fol-
lowed by a ‘skip’ residue [21]. 29-residue repeats
recognized for some time in certain myosin sequences
have been assigned in a similar way [2,19]. However,
searches for 3,4 patterns revealed that these 29-residue
units are better viewed as 11-7-11 motifs, with
3,4,4,3,4,3,4,4 spacings of hydrophobic residues. A similar
unbroken 3,4 pattern can be discerned in the sequence of
SF-assemblin, the flagellar rootlet protein from Spermaro-
zopsis similis, which aligns with B-giardin [38,39]. CD
studies of the intact SF-assemblin protein confirm that the
11-7-11-type patterns in B-giardin and SF-assemblin fold
to predominantly a-helical structures [39]. The second
example from Giardia, the median body protein, displays a
24-residue repeat [22], wherein hydrophobic residues are
spaced at 3,4,3,4,3,3,4 in a heptad-decad-heptad (or 7-10-7)
motif. This unit extends further the set of basic units
compatible with the coiled coil.

Structural consequences of non-heptad repeats

In the haemagglutinin structure, hendecads are separated
by three heptads and have the effect of straightening the
twist (or supercoil) of the coiled coil [34]. The twist arises
because, when superimposed on a regular a-helix with 3.6
residues per turn, a heptad repeat falls short of two com-
plete helical turns. The seam set up by hydrophobic
residues placed at positions a and d of the heptad there-
fore moves around the face of the helix in the opposite
sense to the helical twist of the backbone [1,8,40]
(Figs 1b,7b). In order to maintain good hydrophobic con-
tacts, the helices of coiled-coil oligomers supercoil around
one another to form a rope (Fig. 1¢), and the sense of the
rope is left handed. A hendecad repeat, on the other hand,
spans a little over three turns of a regular helix, and the
hydrophobic stripe therefore slants in the opposite sense
to that produced by a heptad (Fig. 7c), and a right-handed
supercoil is predicted [32,33,35].

Extension of these arguments to the combinations of 7-,
10- and 11-residue patterns observed in the Giardia
sequences produces significantly different geometries for
the coiled-coil hydrophobic stripes (Fig. 7). Combining
heptad and decad repeats accentuates the left-handed
stripe (compare Fig. 7 parts b and d). In contrast, hen-
decads introduce a right-handed twist. With one hendecad
every two heptads, as in the 7-11-7 motif, the hydrophobic
seam is straightened (Fig. 7¢). When two hendecads
combine with a single heptad, as in the 11-7-11 repeat, the
seam slants in the opposite direction to that set up by
heptads alone (Fig. 7b,f). These changes in the hydropho-
bic seam are not expected to be abrupt, but smooth, as
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seen in the haemagglutinin structure [34] and proposed
for a related motif in the nematode myosin structure [19].

Possible roles for the different coiled-coil twists

We propose that the different sequence motifs that result
from combinations of heptad, decad and hendecad repeats
and their associated hydrophobic patterns provide a
simple, but elegant, mechanism for coiled-coil recognition.

With long coiled coils, and a straightforward sequence
pattern of repeating heptads, the potential for mismatched
protein pairings or out-of-register alignment in oligomers
may be high. The first of these problems may be particu-
larly acute in regions of the cell rich in coiled-coil proteins.
This is the case in the cytoplasm of eukaryotes, where a
large number of coiled coils are observed in cytoskeleton-
associated proteins. In the assembly of shorter coiled coils
of the leucine-zipper class, mismatches are usually
avoided by complementary residue patterns superimposed
on the a, d, e and g sites of the heptad repeat
[3,8-10,16,41]. However, even for these relatively simple
structures, alternative topologies have been observed for
individual sequences [10,42-44]. Rules similar to those
observed in the leucine zippers are almost certainly at play
in the longer coiled coils of filamentous proteins [11-13],
but it is not clear whether they carry all of the information
necessary to achieve faultless chain docking over a thou-
sand residues or more. For such proteins, the problems
with promiscuous and fruitless interactions may be com-
pounded further: in the case of the coiled-coil proteins
from Giardia, all three have similar pls, all are predicted to
be dimers [13], and all are cytoskeleton-associated. We
believe that the 24-, 25- and 29-residue patterns distin-
guished in these proteins direct homodimer assembly and
reduce the possibility of promiscuous protein pairings:
mismatched pairs of proteins with different repeats would
be disfavoured because their hydrophobic seams would
not be aligned, complete complementarity would not be
possible and a free-energy penalty would be incurred. For
similar reasons, the motifs may also ensure in-register
alignment of extended coiled coils.

In the case of fibrous proteins, the roles of different
coiled-coil twists could extend to the assembly of higher-
order structures. Indeed, a similar proposal has been made
for the 29-residue repeats present in the myosins [2,20].

Apart from the regular repeating heptad-hendecad and
heptad-decad structures considered above, there are
many examples of isolated pattern faults (usually referred
to as skips, stutters or stammers) in filamentous protein
sequences [19,45]. These have been assigned in order to
maximize the number of classic heptad repeats in coiled-
coil segments. In most of these cases, however, the
sequences local to the fault can be reconciled with 3,4-
based patterns of hydrophobic residues, predominantly

hendecads. For example, an 11-residue insertion occurs
in the gpl7 tail fibre of bacteriophage T'7 [45], and units
that can be viewed as hendecads have been noted in the
Ompa rod from Thermotoga maritima [46]. For the latter,
Lupas and colleagues make the point that insertions
might be accommodated within a coiled coil in the same
way as skips in the myosins [19], and as observed in
haemagglutinin [34]. The experimental data presented
here demonstrate directly that sequences rich in hen-
decads can fold effectively to fully helical oligomers con-
sistent with coiled coils. Furthermore, our work suggests
that digressions from the heptad repeat may play signifi-
cant roles in coiled-coil recognition and filament protein
assembly. Accordingly, we suggest that more examples
will be found in protein sequences. To illustrate, we
have identified two contiguous hendecads in a region
previously assigned as a linker between the heptad-
based coils 1A and 1B of the aligned human lamin
sequences [4]; the insertion begins at Ile63 of lamins A
and C and at Val64 of lamin B1. This feature is not
shared by similarly placed linkers in other intermediate
filament proteins, thus it may help locate lamins to the
nuclear envelope by preventing interactions with the
filament network of the cytoplasm [4].

Materials and methods

Helical wheel and helical net diagrams

Unless stated otherwise, these were constructed using a-helix parame-
ters typical of those found in recently determined high-resolution struc-
tures of coiled coils [9]: 3.6 residues per turn, a rise per residue of
1.5 A and a helical radius of 2.3 A.

Peptide synthesis

Peptides were synthesized on an Applied Biosystems 432A Peptide
Synthesizer using solid-phase methods and Fmoc chemistry. Peptides
were purified using reversed-phase HPLC and their identities con-
firmed by MALDI-TOF mass spectrometry: p7-11-7, expected Mg
3031, observed 3029 (electrospray result); p7-7-11-7, expected 3869,
observed 3869; pl11-7-7-11-7, expected 5025, observed 5022. The
pC7-11-7 peptide was air-oxidized overnight in 100 mM Tris at pH 8.5.
The cysteine-linked dimer, (pC7-11-7),, was purified from the reaction
using HPLC and its identity confirmed by electrospray mass spectrom-
etry (expected M, 6493, observed 6496). All peptides were buffer
exchanged into MQ water, or 25 mM potassium phosphate at pH 7
prior to dilution for CD and other experiments.

Circular dichroism

CD spectra were measured on a JASCO J-715 spectropolarimeter
fitted with a Peltier temperature controller. Typically, spectra were
recorded by stepping through the range 250-180 nm in 1 nm intervals
and integrating the signal for 4 or 16 s at each point. Sample concen-
trations were determined from the absorbance at 280 nm measured in
6 M GdnHCI [47]. Rectangular quartz cells (Hellma) of 1 mm and 1 cm
path lengths were used throughout. All samples (both in water and
TFE) were 25 mM in potassium phosphate and at pH 7. After baseline
correction, ellipticities in mdeg were converted to molecular ellipticities
(deg cm?2 dmol-res—1) by normalizing for the concentration of peptide
bonds. Percent helicities were calculated by comparing [6],,, values
measured in water and 50% TFE. Thermal denaturation curves were
determined by following the CD signal at 222 nm; signal was averaged
for 16 s at 1° increments in the range 0—90°C. A ramping rate of
1°min-1 was used for all experiments; however, in preliminary experi-



ments where this rate was varied, no significant changes in the melting
curves were observed. The midpoints of these curves, T,,, were taken
as the maximum of the first derivative of the [6],,, versus T plots. With
some of the more dilute samples, denaturation curves were smoothed
or data from several runs averaged; the errors quoted in figures are
derived on the basis of these manipulations.

Analytical ultracentrifugation

Sedimentation-equilibrium experiments were performed in a Beckman
Optima XL-A analytical ultracentrifuge fitted with an AN60O titanium
rotor. Measurements were taken at 40 000 rpm and 20°C. Data were
analyzed by nonlinear least-squares curve fitting (MicroCal Origin) to
obtain molecular weights and equilibrium constants. Values of 1 g mI-1
and 0.745 were taken for the buffer density and the vbar, respectively.
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